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which include wake hot-wire data from Devenport's group, that will be used for comparisons with calculations.
Technical Approach
In conjunction with a related project (Devenport, 1999) experiments are being performed in the Vu-ginia Tech Fan Cascade Wind Tunnel. This facility contains a 7-passage linear cascade with 8 GE rotor B compressor blades. The endwall beneath the blade row includes a 27"-wide Mylar belt that can be propelled by means of a roller system at up to 25m/s to simulate the relative motion of the blade tips and casing. This facility can accommodate the addition of vortex generators to the belt upstream of the blade row. These vortex generators simulate the influence of the upstream struts on the axial pimip rotor flow. All components of mean velocities, turbulent stresses, triple products, and skin friction are being made with a special miniature custom-designed 3-velocitycomponent fiber-optic LDV that views the flow through the Mylar belt in a 30 ^m diameter measurement volume within SO^im of the wall or below y"^ = 5 in these flows. An optical system has been developed (Devenport, 1999) to sense the instantaneous vortex generator spanwise position so that the LDV data can be sorted by vortex generator position. Another optical system (BELT-HITE) for sensing the Mylar belt vertical location within a few microns uncertainty has also been developed during this project in order to permit sorting of the LDV data with respect to the relative probe volume distance from the belt. LDV data are being obtained along the moving belt and around the sides of the tip of the blade. The quantities sought are mean velocities, Reynolds shear sfresses and triple products, circulation, vorticity, TKE, turbulence diffusion rates, eddy viscosities, contributions from sweeps and ejections and wall shear sfresses.
Progress

Progress During the First 3 Years, 2/1/99 to 2/28/02
The previous work on this project during these 3 years makes the current and ftiture work possible. The Annual Progress Report for this Grant that was submitted during August 2001 gave more detail of this progress during the first 3 years. During the first year (99-00), the 3D-LDV was modified and used in an auxiliary boundary layer facility (1) to examine the behavior of a number of possible boundary layer trips for the cascade facility flows and (2) to completely document the behavior of pairs of vortex generators that are used to simulate upsfream struts in the cascade flow. At the same time, a BELT-HITE system was developed to measure the moving beU vertical motion within 1 micron.
During the second year (00-01), a number of hardware modifications to the cascade wind timnel were made to accommodate the LDV measurements next to a moving wall. An LDV signal processing system dedicated to the cascade tunnel was acquired from AOE internal resources. A number of computer hardware and software problems were solved that permitted simultaneous acquisition of 3 components of LDV signal, the moving belt height, and the upsfream moving vortex generator position. Preliminary measurements of the blade inflow were made.
During the third year (01-02), measurements were obtained (1) upstream and inside the tip gap for x/c < 0.25 for the 3.3% thickness to chord case with no moving wall (Figure la), (2) one complete velocity profile with the moving wall and no vortex generators upstream of the blade, and (3) data downstream of the vortex generator that characterize the wake of the vortices and provide an estimate of the circulation strength of the vortices. These data were reported in the MS thesis by D. D. Kuhl (Kuhl and Simpson, 2001) .
LDV optical table equipment that was borrowed from NSWCCD was returned in June 2001, at the same time that we had to vacate the Low-Speed Cascade Timnel facility to allow Devenport's group to obtain hot-wire data. Beginning in June 2001 we have assembled new LDV optical table equipment (with ONR support) and have worked on the improvements to the Cascade facility for our LDV measurements. ONR provided 15% of the funds for a new Argon-ion laser, so now we have sufficient laser power to obtain a higher data rate. The LDV system was reconstructed. It should be noted that during the first 2 Yi years, more than 5 man-years of research effort were devoted to this program, even though ONR only supported about 3 man-years.
As a result of this experience, further hardware improvement were needed. Since June 2001, we have also identified and developed concrete plans to improve the data rate and productivity of the cascade facility for: (1) reducing the scratching of the moving belt where LDV measurements are required by eliminating the lateral meandering of the belt, (2) eliminating Teflon belt particles that obscure the LDV vision, and (3) increasing the belt fife, all at a cost of $4000. The use of an automatic belt tracking svstem will not only eliminate the scratching of the belt over the zone of measurements, but also eliminate the current need for a second person to be continuallv adjusting the belt roller.
Progress During the 4th Year, 3/1/02 to 2/28/03
During the last part of the third year (11/01/01 -2/28/02), we planned to obtain LDV data for the stationary wall case within the tip gap for (1) 3.3% tip gap to chord over the remainder of the x/c range, x/c > 0.75 and (2) 1.65% tip gap to chord over the entire 0 < x/c < 1 range. These 2 cases complement the hot-wire wake data of Devenport's group for the non-moving wall cases and provide the information on the sources of the vorticitv in the flow. We expected to get access to the cascade tunnel from Devenport about 1/1/02, but did not get access until late February 2002.
However, since then we obtained the most thorough sets of LDV data in the tip gap that have been obtained to date. No other known investigation has used such a fine resolution 3-velocity-component LDV to obtain all mean velocities, Reynolds stresses, and triple products. For each of these 2 tip gaps, data at chordwise locations of x/c = 0. 04, 0.09, 0.12, 0.18, 0.27, 0.42, 0.65, and 1.00 show the development of the tip gap vortex and the associated separated flow on the end wall and the reattachment on the suction side of the blade tip. After studying these data, we obtained more data around the separations. Multiple velocity profiles very close to the end wall have provided skin fiiction values. Well over 100 velocity profiles were obtained, each requiring setup and apparatus adjustment time to ensure the exact measurement positions and a high LDV data rate. Figure lb shows the co-ordinate systems that are used to present these data. The "bed system" is the same as in Figure la . The "chord system" is aligned with the chord of the blade. The flow under the blade through the tip gap is almost in a direction perpendicular to the chord for the last half or so of the chord length, so this co-ordinate system allows one the see the crossflow better.
Figures 2 and 3 show in color the LDV data for the mean velocity vectors of the U (x direction) and W (z direction) components under and around the tip gap for the tip gap of 1.65% of the chord length. The beginning of each arrow is located at the (x,z) position where the measurements were made. The length of the arrow is proportional to the mean velocity magnitude. For these data in and aroimd the gap, the arrow length is short near the end wall and is progressively in a direction nearly perpendicular to the chord as the flow moves downstream. The longer arrows are in the middle of the gap and the short arrows that are about in the chordwise direction are within the flow near the blade end. Also shown on these figiures in black are the hot-wire anemometer data of Devenport's group for locations away from the wall. These results are in general qualitative agreement with the LDV data. Figure 3 shows the data that are available between 2 adjacent blades. Figure 4 shows the combined LDV and hot-wire data V-W vectors in the bed co-ordinate system for 2 planes. The LDV data in color show the nearwall boimdary layer behavior.
Figures 5 is the same data as for Figure 2 , except that the hot-wire anemometer data are not shown. Figure 6 shows the same data and shows the U-V mean velocity crossflows within the tip gap in the bed co-ordinate system. Figure 7 is more informative and shows the V-W crossflows in the chord co-ordinate system. The rectangular box shown at each data plane represents the blade at that location. The flow is pushed into the gap by the pressure difference between the pressure and suction sides of the blade, so we see that V is negative on the pressure (right) side of the blade, goes to zero under the blade and becomes positive on the suction side. The W magnitude strongly increases from the pressure to suction sides of the blade. As one proceeds downstream, the maximum W magnitude increases until x/c = 0.42 and then decreases. Figures 8 and 9 show similar features for the 3.3% tip gap to chord ratio case.
Because the origin of the vorticity in the non-moving wall cases is from the pressure gradients on the walls, complete end wall surface pressure measurements were made under the tip gap over a large area using a small spacing between pressure taps. This allows us to determine the vector pressure gradient on the wall.
Oilflow siu-face skin-fiiction visualizations have also been made to determine the locations of the tip vortex induced separation on the end wall and the reattachment on the end of the blade.
Two graduate students were involved with the acquisition of all of these data. One was supported by the AOE Department imtil May 15,2002 and the second was supported by this grant. Both of these students are now supported by this grant. A third student who was not supported by this grant helped obtain the surface pressure data.
This group again obtained access to the cascade tunnel in December 2002 until March 2003. After examining the endwall pressure data that were obtained earlier in 2002, it was decided to obtain more complete sets of surface pressure data in order to have lower uncertainty pressure gradient information. This is important for imderstanding how the pressure gradient affects the surface skin friction and the rapid distortion of the turbulence within the gap.
During this period, some data were obtained for the moving wall cases. Prior to these experiments, the proposed hardware improvements to the cascade facility were made in order to improve the LDV data rate, the mylar belt hfe, and the abiUty to get nearer to the wall for the moving wall cases. A new moving belt bed was designed and constructed for use with the Teflon pads and suction to eliminate the Teflon particles. The "Sure Tracker" was incorporated irlto the moving belt system to automatically keep the belt from moving laterally and prevent the scratched part of the Mylar belt from being in the field of view of the LDV. The use of this automatic belt tracking system will not only eliminate the scratching of the belt over the zone of measurements, but also eliminate the current need for a second person to be continually adjusting the belt roller. The "hot-air joint" scheme was used to improve the belt hfe. Unfortunately, all of the efforts to obtain LDV data through the transparent moving wall were only partly successfiil.
It was decided to implement the new Comprehensive LDV design in the future, which is briefly described below, in order to avoid trying to obtain LDV data through a moving wall. The Comprehensive LDV can obtain the vector velocity and position of a given particle within 10 microns uncertainty for a large 20 inches focal length optical system.
Progress During the 5th Year, 3/1/03 to 9/30/03
Because of the need to use the Comprehensive LDV in future moving wall measurements, it was decided to spend the time thoroughly analyzing the data from the non-moving wall cases and finishing the MS Thesis of Q. Tian and the Ph.D. dissertation of G. Tang. The hope is that additional funding after 10/03 will permit Q. Tian to modify and use the Comprehensive LDV for the moving wall experiments.
Discussion of some of the results for the non-moving wall cases are presented here. Considerable detail is given in the thesis and dissertation underway.
Flow Structure in the Linear Cascade Tunnel
From the oil flow visualization on the end wall (figures 10 and 11), and on the blade surface (figure 14), the tip leakage vortex and the passage vortex and secondary vortex can be found. From the LDV measurements, tip leakage vortex and separation on the blade tip surface and vortex sheet on the end wall and on the blade tip can be captured. Tip gap flow inside the blade passage, near the pressure side, is strongly accelerated in to the tip gap. This can be seen clearly from the oil flow visualization on the endwall (figure blade surface and the dividing stream surface between the fluid, which is swept into the gap and that which is driven across the passage changes with the tip gap thickness. In the oil flow visualization figures, the tip gap flow is seen to leave the tip region approximately X/Ca=0.14 for t/c=1.65%, but for t/c=3.3%, X/Ca=0.38.
Cascade blades generally have a sharp comer at the entrance to the gap. Therefore, a separation vortex forms at the comer. Since there is no flow visualization on the blade tip, this feature can only be found in the LDV measurements in figure 3 and figure 4. Kang & Hirsch (1996) have reported separation vortices on the blade tips of the compressor blades in their cascade measurement and also presented that there are quite high shear stresses on the blade tip in the region next to the separation vortex. This high shear stress is accompanied by correspondingly high levels of convective heat transfer.
This may help explain the "bum out" which sometimes occur in the region on the actual turbine blades.
As described in previous discussion, there are two basic flows in this cascade inner flow; one is the passage flow along the passage between the blades, the other one is the cross flow under the tip gap, mainly driven by the pressure difference between the blades.
These two different flows meet together on the suction side of blade and roll up, forming the tip leakage vortex. As shown in the oil flow picture, the tip leakage flow pushes the passage vortex away fi-om the suction surface. There is strong interaction between the tip leakage vortex and the passage vortex, resulting in the engulfinent of the passage vortex.
This interaction leads to considerable mixing as well as turbulence production, which ultimately results in loss production.
So far, we can see similar stmctural features of these two different tip gap flows for a stationary wall: a passage flow, a tip gap cross flow, a region of high wall shear stress under the blade tips, and the separation line associated with the tip leakage vortex. The qualitative nature of these two high shear stress regions is similar to some extent. The periodicity of the cascade is visible, and the flow is at an angle of approximately 90 degrees to the chord line of the blade, through the tip gap region for both inflow cases.
There are differences between the two tip gap flows (figures 10, 11, 15, 16, 17) . From the oil flow visualization figures, the tip gap flow is seen to leave the tip region approximately at X/Ca=0.14 for t/c=1.65%, but for t/c=3.3%, at X/Ca=0.38. It means increasing tip gap, the separation line and tip leakage vortex move toward downstream.
Assuming Z is the distance from the separation line to the blade along the z direction in the bed coordinate system, from the tablel, in the same cross section, the separation line of the 1.65% case is much far away from the blade than that in the 3.3% case at the same cross section. It also implies 1.65%) case has a stronger cross flow than 3.3% case. Since increasing the thickness, the cross flow endures a longer distance from pressure side to the suction side and will lost more kinetic energy. Relatively, the cross flow becomes weaker and passage flow becomes relatively stronger. The passage flow pushes the tip leakage vortex toward downstream. 
INTRODUCTION
The main goal of this study of the flow through a three-dimensional flow in axial flow turbo-machinery linear compressor cascade is to obtain greater insights with a tip gap can be traced back to the 1920s, as into the complex flow through turbo-machinery. Through reviewed by Prasad (1977) . At the end of last century, experimental study, more accurate computational models due to the limitation of the experiment technology, most can be developed with the resulting benefit of better of the investigations on axial compressor flow fields initial designs of rotors. Research on the were concerned with the rotor wake characteristics and 
SURFACE OIL FLOW TECHNIQUE
Surface oil flow visualizations were done on the lower end-wall in the blade passage with two different tip clearances (f/c=1.65% and 3.3%) to investigate tip leakage flow. A black adhesive plastic sheet (47.5 cm X 27.5 cm X 0.02 cm) was mounted under the tip gap on the end-wall. A mixture in a proportion of 15 ml.
titanium dioxide powder, 40 ml. kerosene and 1ml. of oleic acid dispersant was painted with a brush on this black adhesive plastic sheet. In order to avoid possible static electricity generated from the oil brush and the plastic, a thin aluminum foil was put under and above the plastic at the edge and grounded. The tunnel was run for about 5 minutes until all the kerosene evaporated, and then a fast drying lacquer was sprayed to the surface of the black plastic to preserve the traces. This black plastic was removed, and various details of this surface oil flow pattern were digitized by a scanner with \000ppi (Pixel Per Inch) resolution in the gray scale, and presented in figure 3 and figure 4. The movement of the oil mixture sheet driven by the flow and the formation of the oil flow streaks could be clearly revealed and recorded.
With these digitized oil-flow images, AutoCAD engineering design software was used to measure the directions of the local oil streaks on the oil-flow images.
In figure 5 , each circle center is a local point where the oil-flow streak direction is measured. In order to measure the oil flow direction, a line passing through the circle center is drawn tangent to the streaks. The angle between (Wetzel et al, 1998) , the width of the dark region around the separation line is probably due to the low frequency unsteadiness of the tip leakage vortex. (Tian, 2003) .
GOVERNING EQUATIONS IN THE OIL FLOW
SHEET
The relationship between the local oil flow direction and the wall shear stress direction needs to be reviewed.
The motion of a thin oil sheet on a surface under a turbulent boundary layer was examined by Squires (1962) . The following equations governing the motion of a thin oil sheet under a turbulent boundary are given as equations (1) and (2) 
Here T^ and T^ are the x and z components of the mean skin friction in the turbulent boundary in the bed coordinates, which can be calculated by using the least square fit to the viscous sublayer velocity data from the LDA measurements (Tian, 2003) . Also U and W are the mean velocity components of the oil flow at the position y; H is the viscosity of the oil; -and -are the ox dz static pressure gradient components on the end wall; and h is the oil thickness. During the process of forming the visualization, the oil thickness becomes thinner as the air drags the oil away, and it is reasonable to assume that y is equal to the oil thickness, and the equation becomes
In the visualization process, the oil thickness changes from the initial thickness to close to zero. In the cascade flow, the largest pressure gradient is along the z direction, 
Considering r^=rcos(0,) and r^ = r sin(0, ), tan(6'2) = tan(£'i)
Where 62 is the oil flow direction and 6^ is the wall shear stress direction.
It theoretically proves that as the oil thickness becomes thinner and thinner, the oil flow direction is more aligned with the wall shear stress direction, except near separation, where oil material accumulates and h is not zero. 
